The piezoelectric and dielectric properties of Pb(Zn 1/3 Nb 2/3 )O 3 (PZN)-based ceramics were investigated. The perovskite structure of PZN ceramics was stabilized by the addition of Pb(Zn 0.47 Ti 0.53 )O 3 (PZT). The highest piezoelectric properties were observed for the composition of 0.5PZN-0.5PZT, which lies on the two-phase zone of morphotropic phase boundary. For further improvements in electric properties, the specimens were thermally treated in a flowing O 2 atmosphere at temperatures ranging from 860 to 1030°C. The thermal treatment eliminated the PbO-rich amorphous intergranular layer by lead evaporation. As a result of this improvement in structure, the dielectric constant (⑀Ј), the piezoelectric coefficient (d 33 ), and the electromechanical coupling factor (k p ), were enhanced markedly after thermal annealing at 960°C for 8 h in an O 2 atmosphere.
I. INTRODUCTION
Much attention has been paid to lead-based perovskite relaxor ferroelectric solid solutions for applications as multilayer capacitors or piezoelectric actuators. 1 One of these solid-solution compounds is lead zinc niobate, Pb(Zn 1/3 Nb 2/3 )O 3 (PZN), which has drawn much interest in recent years because of its excellent dielectric, electrooptic, and electrostrictive properties. [2] [3] [4] [5] Pure perovskite PZN ceramics are difficult to prepare by conventional routes. The stability of PZN may be modified with the addition of cations in the perovskite Aor B-sites. [6] [7] [8] For example, a PZN ceramic solid solution with 100% perovskite structure was prepared by adding more than 7 mol% BaTiO 3 (BT). In this case, the dielectric and piezoelectric properties of PZN-BT system became lower due to the nonpolar Ba(Zn 1/3 Nb 2/3 )O 3 separation phase. When PbTiO 3 (PT) in excess of 25 mol% is used, the pyrochlore-free PZN-PT ceramics are obtained. However, it is also difficult to find an excellent piezoelectric ceramic composition because there is morphotrophic phase boundary (MPB) at 0.89PZN-0.11PT in this system.
In this work, different amounts of tetragonal Pb(Zn 0.47 Ti 0.53 )O 3 were added to rhombohedral PZN ceramics to stabilize the perovskite structure. The composition for optimum electrical properties across the morphotropic phase boundary was also determined. In addition, improvements in dielectric constant ⑀Ј, piezoelectric coefficient d 33 , and electromechanical coupling factor k p were achieved through thermal treatment. From x-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy dispersive spectroscopy (EDS) analyses, the improvement was attributed to the elimination of the PbOrich amorphous intergranular layer by lead evaporation under suitable thermal treatment conditions.
II. EXPERIMENTAL PROCEDURES
PZN-based ceramics with compositions of (1 − x)Pb (Zn 1/3 Nb 2/3 )O 3 -xPb(Zn 0.47 Ti 0.53 )O 3 [(1 − x)PZN-xPZT, x ‫ס‬ 0.2 to 0.7] were prepared by a conventional ceramic mixing method. The required amounts of commercial PbO, ZnO, Nb 2 O 5 , ZrO 2 , and TiO 2 powders (all 99.9% purity, Aldrich, Milwaukee, WI) were weighed and mixed by ball milling with partially stabilized zirconia media in isopropyl alcohol for 4 h. After drying, the mixture was calcined in a covered alumina crucible at 850°C for 4 h. The calcined powders were ball milled for 24 h. The resulting powders were isostatically cold pressed into a pellet at 150 MPa. The specimens were sintered at 1100°C for 2 h in a sealed alumina crucible with PbZrO 3 atmosphere powder. Excess PbO of 0.5 wt% was added to compensate for lead loss during sintering. The sintered disks were lapped on their major faces and silver electrodes were made from a lowtemperature sliver paste by firing at 500°C for 30 min to enable electrical measurements. The piezoelectric samples were poled in a silicone oil bath at 200°C by applying an electric field of 20 kV/cm for 20 min and then field cooled. The samples were aged for 24 h prior to testing. The specimens were thermally treated in a flowing O 2 atmosphere at temperatures ranging from 860 to 1030°C for 8 h.
The phase development of the sintered and thermally treated specimens were examined by XRD (MXP18A-HF, MAC Science, Tokyo, Japan) using Cu K ␣ radiation and a graphite monochromator with a 2 range from 20°t o 60°. A step scan with a step size of 0.02°was used with a counting time of 1 s/step. The apparent bulk densities of the sintered specimens were measured by the Archmides method. Microstructure development was investigated by SEM (JSM-5600, JEOL Technics, Tokyo, Japan) with EDS analysis on both free and fractured surfaces. For the microstructure to be examined in detail, thin foils of the specimens were prepared to electron transparency by standard techniques with a "dual-ion mill" (PIPS691, Gatan, Pleasanton, CA) operated at 5 kV with a 10°inclination. The foils were investigated by TEM (CM20, Philips, Eindhoven, The Netherlands) operating at a 200 kV accelerating voltage. The dielectric constant (⑀Ј) and the dissipation factor (tan␦) versus temperature curve were measured from 25 to 300°C at a heating rate of 1°C/min with an impedance analyzer (HP4192A, Hewlett-Packard, Palo Alto, CA). The piezoelectric coefficient was measured with a quasi-static piezoelectric d 33 -meter (ZJ-3D, Institute of Acoustics Academic Sinica, Beijing, China), and the electromechanical coupling factor {k p ‫ס‬ [2.51(
, where f r is the resonance frequency and f a is the anti-resonance frequency} was determined by the resonance and antiresonance technique with another impedance analyzer (SI1260 Impedance/Gain-Phase Analyzer, Solartron, Slough, Berkshire, UK).
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III. RESULTS AND DISCUSSION
A. Structure and electrical properties of the PZN-PZT system
The XRD patterns of (1 − x)PZN-xPZT (x ‫ס‬ 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7) are shown in Fig. 1 . A pyrochlore phase is observed for the first two compositions (x ‫ס‬ 0.2 and 0.3), but the concentration of this phase reduced when the PZT amount was increased. The perovskite structure of the last four compositions (x ‫ס‬ 0.4, 0.5, 0.6, and 0.7) changes from rhombohedral to tetragonal across the MPB. The transition from rhombohedral to tetragonal phase is clearly seen from the XRD profile peak splitting with increasing PZT concentration. Throughout this transition, there is a region where both phases coexist. The (200) reflection results in a single peak for the rhombohedral phase, whereas it splits into two peaks for the tetragonal phase. At low PZT concentrations (x ഛ 0.3), only a single peak is present, indicating the sole presence of the rhombohedral phase. However, at x ‫ס‬ 0.4, a shoulder appears, indicating a coexistence of both the rhombohedral and the tetragonal phases. From profile fitting with the curves near the (200) peak, the data show that the shoulder can be attributed to the (200) tetragonal peak, whereas the left peak is the superposition of the (200) rhombohedral and (002) tetragonal reflections. As the PZT concentration increases further, the two peaks become of equal intensity (x ‫ס‬ 0.5). Then finally, the (200) tetragonal reflection attains an intensity of twice the (002) tetragonal reflection (x ‫ס‬ 0.7), indicating the sole presence of the tetragonal phase. The degree of tetragonality did not change throughout the two-phase region; only the proportions of the rhombohedral to the tetragonal phases changed. From the profile fitting, up to three curves were fitted to the data as shown in Fig. 2 (one for the rhombohedral-end, the other for the tetragonalend, and the third for the mixed-region compositions). The intensities were determined for the rhombohedral (200), tetragonal (200), and tetragonal (002) peaks. The fractions of rhombohedral and tetragonal phases were then determined and are listed in Table I . Almost equal amounts of rhombohedral and tetragonal phases were found at the composition 0.5PZN-0.5PZT. The dielectric constant measured at 1 kHz was also strongly dependent on the composition of the specimen. The temperature of maximum dielectric constant (T m ) increased and the dielectric constant peak became sharper with increasing PZT concentration, indicating the degeneration from relaxor ferroelectrics to normal ferroelectrics. The dielectric and piezoelectric properties of pyrochlore-free specimens are summarized in Table I . The highest piezoelectric coefficient of 430 pC/N and electromechanical coupling factor of 0.67 were observed with 0.5PZN-0.5PZT solid solution in this PZN-PZT system. It coincides with the previous observation that optimum piezoelectric properties are obtained at the "two-phase zone," which corresponds to the composition lying on the MPB.
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B. Increases of electrical properties after thermal annealing
The piezoelectric and dielectric properties of the PZN-PZT specimens were improved markedly after thermal treatment in an O 2 atmosphere. Figures 3(a)-3(d) show the temperature dependence of the dielectric constant and the dissipation factor of 0.5PZN-0.5PZT ceramics after annealing in O 2 atmosphere at different temperatures for 8 h. The dielectric constant was enhanced in all the conditions and was maximum when the specimen was annealed at 960°C. There were no significant changes in the dissipation factor.
The dependences of piezoelectric coefficient and electromechanical coupling factor on the thermal annealing temperature are shown in Fig. 4 . Remarkable improvements in piezoelectric properties were achieved as seen in these graphs. Table II gives in more detail the properties of the 0.5PZN-0.5PZT ceramics as sintered and after annealing in O 2 atmosphere at different temperatures. In particular, the electromechanical coupling factor reached as high as 0.73 after annealing at 960°C for 8 h.
C. Evolutions of phase and microstructures after thermal annealing
The phase evolution of 0.5PZN-0.5PZT ceramics after thermal annealing was analyzed by XRD as shown in Figs. 5(a) and 5(b). There are significant differences between XRD patterns of the inner region of the specimen TABLE I. Structure and electric properties of (1 − x)PZN-xPZT ceramics. [ Fig. 5(a) ] and of the free surface [ Fig. 5(b) ]. Inside the specimen, the crystallization proceeded further with increasing temperature as indicated by the split of the (002) peak at temperatures <960°C [ Fig. 5(a) ]. Elimination of PbO-rich intergranular phase as a result of the evaporation of lead could be attributed to the improvement of the electrical properties. At annealing temperature ജ960°C, the pyrochlore phase formed. At the surface of same specimen, a small amount of pyrochlore phases began to be observed after annealing at 960°C. When the annealing temperature increased to 1030°C, both at surface and inside of the specimen, large amounts of pyrochlore phase were formed due to evaporation of PbO from the specimen, as shown in Fig. 5 , leading to the decrease in electrical properties.
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Evaporation of PbO during annealing was also detected by the weight changes of the specimen, as shown in Fig. 6 . At 1030°C, the weight loss occurred extensively; therefore, new inhomogeneity and the pyrochlore phase were induced by excess thermal excitation at high temperature. This kind of phase separation processing has a negative effect on the improvement of the electric properties of PZN-PZT ceramics.
Phase changes by the thermal annealing are confirmed by SEM micrographs in Fig. 7 . SEM micrographs of free-and fractured surface of as-sintered PZN-PZT specimen are shown in Figs. 7(a) and 7(b) , respectively.
These micrographs indicate that average grain size was in the range of 2 m, and the fracture occurred mostly by intergranular pattern. When the specimen was annealed at 960°C in O 2 for 8 h, formation of small pyrochlore grains at the surface was observed, as shown in Fig. 7(c) . Contrary to the surface morphology, there was no detectable change inside the specimen, as illustrated by the fracture surface in Fig. 7(d) . When the same specimen was annealed at 1030°C, the surface morphology was changed remarkably, as shown in Fig. 7(e) . The large, newly formed melting region of pyrochlore phases is apparent in addition to some diamond-shaped pyrochlore grains. 12, 13 The fracture pattern was also changed to transgranular mode [ Fig. 7(f) ]. The grain size remained about the same, so the change in the fracture pattern supports the phase evolution by the thermal annealing.
The large grains formed on the surface [ Fig. 7 (e)] were examined by EDS analyses. Figure 8 shows EDS patterns on this large grain and other normal grains. No Zn was detected from the abnormal region, confirming the XRD results that showed the extensive formation of A-site deficient cubic-pyrochlore phase after annealing in O 2 at 1030°C [ Fig. 5(b) ]. That means a phase separation from Pb(Zn 1/3 Nb 2/3 )O 3 occurred due to more extensive PbO evaporation during the thermal treatment at a too high temperature.
14 Figures 9(a) and 9(b) are the TEM images of 0.5PZN-0.5PZT specimens as sintered and annealed at 960°C, which confirm the elimination of the PbO-rich amorphous intergranular layer by thermal annealing. The relatively thick grain boundary for the as-sintered specimen became a very thin layer. In addition, triangularconjunction regions among grains almost disappeared after thermal annealing as shown in Fig. 9(b) . (at room temperature, 1 kHz) and ⑀Ј m (at Curie temperature, 1 kHz), the piezoelectric coefficient d 33 and the electromechanical coupling factor k p of ceramics of this composition were 2170, 20700, 527 pC/N and 0.73, respectively, after thermal annealing at 960°C for 8 h in an O 2 atmosphere. The enhancements in the properties were attributed to the elimination of the PbO-rich amorphous intergranular layer by lead evaporation. When annealed at too high temperatures (ജ980°C), however, pyrochlore phases were formed extensively, leading to a reduction in the electrical properties.
